Periodontal disease is a bacterially mediated chronic inflammatory disease that results in destruction of the periodontal ligament (PDL) and alveolar bone that surround and support the dentition. While their precise roles are not well understood, periodontal pathogens, including Treponema denticola, are believed to initiate the destructive inflammatory responses and dysregulation of tissue homeostasis that characterize the disease. These responses are believed to result from both proinflammatory effects of acylated bacterial membrane components (lipopolysaccharides and lipoproteins) and degradative effects of secreted bacterial proteases. Host-derived matrix metalloproteinases (MMPs) are key enzymes both in tissue homeostasis and tissue destruction. MMP expression is modulated in part by specific proteolytic fragments of fibronectin (FN), which are associated with periodontal disease. FN is a predominant extracellular matrix component in the periodontium. We examined the ability of Treponema denticola and its acylated outer membrane PrtP protease complex to induce both activation of MMP-2 and generation of FN fragments in human PDL cell culture supernatants. T. denticola parent and isogenic mutant strains, as well as MMP-2 small interfering RNA and specific inhibitors of MMP-2 and PrtP activity, were used to examine protein expression, gelatinolytic activity, and FN fragmentation in culture supernatants. T. denticola and its purified protease induced both MMP-2 activation and FN fragmentation. Here, we demonstrate that PrtP proteolytic activity induces the activation of MMP-2 and that active MMP-2 is required for FN fragmentation. These results suggest a specific mechanism by which the T. denticola protease may disrupt homeostatic processes required for the maintenance of periodontal health.
Periodontal disease is a bacterially mediated chronic inflammatory disease that results in destruction of the gingival tissues, periodontal ligament (PDL), and alveolar bone that surround and support the dentition. Periodontal tissue destruction leads to tooth loss, speech and masticatory problems, and an overall reduced quality of life in a large proportion of the adult population in the United States and an even greater percentage worldwide. An important component of the pathogenesis of this disease is destruction of the extracellular matrix (ECM) that comprises the major structural support for these periodontal tissues. Dysregulation of normal tissue homeostatic processes in periodontal disease results in, among several other things, upregulation of host-derived matrix metalloproteinases (MMPs) that contribute directly to tissue destruction. This process is presumed to be initiated by bacterial components, such as lipopolysaccharides and secreted proteases, produced by several organisms identified as periodontal pathogens.
During the course of inflammatory periodontal disease, host-derived proteases cleave the ECM and release fragments of the ECM, including fibronectin (FN) fragments, into the inflammatory milieu. The presence of specific FN fragments (of 40, 68 , and 120 kDa) in gingival crevicular fluid is a marker of periodontal disease status (18) . Furthermore, FN fragments of 40 and 120 kDa produced by chymotrypsin cleavage induce apoptosis or suppress osteoblast differentiation of PDL cells (8, 21) . Thus, it is of great interest to determine the mechanisms by which this proteolytic signature of FN fragments is generated in periodontal disease, including the relative contributions of bacterial and host-derived proteases.
Treponema denticola, an oral anaerobic spirochete, is among the oral pathogens that secrete ECM-degrading proteases (26, 29) . T. denticola, a member of the "red complex" of subgingival plaque, is particularly associated with severe and refractory periodontal disease (36) . Oral spirochetes are normally at or below detectable levels in healthy gingival plaque but are often the predominant organisms in severe periodontal disease (6, 10) . T. denticola, the best-studied oral spirochete, produces an acylated serine protease complex (variously designated the PrtP complex [1] , chymotrypsin-like protease [42] , and dentilisin [20] ) that degrades gelatin, laminin, various serum components, and bioactive peptides (15, 30, 42) . The PrtP protease contributes to T. denticola's adherence to and cytotoxic effects on epithelial cells and fibroblasts (9, 12, 27) and penetration of epithelial tissue (4) and may play a role in complement-mediated bactericidal activity (31) . While these behaviors are being studied by several groups, few direct links have been reported between the activity of T. denticola's protease and the cellular and tissue processes that drive periodontal tissue destruction.
MMPs comprise a large family of host-derived, zinc-depen-dent endopeptidases that are secreted in latent form and become activated in the pericellular environment. MMPs are involved in the tissue-destructive (2) and wound-healing (23) phases of human periodontal disease. In particular, MMP-2, -8, and -9 are implicated in tissue destruction in periodontal disease (3, 19, 24, 25, 28, (33) (34) (35) 38) . Several groups have reported MMP-2 activation by cell surface components of periodontal pathogens. Treatment of gingival fibroblasts or PDL cells with Treponema lecithinolyticum resulted in MMP-2 activation, and the heat-sensitive activating component was proposed to be proteinaceous (5) . Porphyromonas gingivalis culture supernatant activated MMP-2 in human PDL cells and was accompanied by an increase in the levels of MT1-MMP (32). MMP-2 activation was also induced in human PDL cells by the lipopolysaccharide of Aggregatibacter actinomycetemcomitans (40) . Neither the mechanisms nor the consequences of MMP-2 activation were addressed in these studies. The role of T. denticola's PrtP protease in ECM degradation and modulation of cellular responses in host-derived cells has not been described in detail. The purpose of the present study was to investigate the role of the T. denticola protease in the modulation of host cell-derived MMP activity and in the fragmentation of FN, a predominant ECM component of these cells. Here, we demonstrate that PrtP proteolytic activity induces MMP-2 activation and that active MMP-2 is required for FN fragmentation. These data suggest that the periodontal pathogen T. denticola is capable of perpetuating periodontal tissue destruction by activating MMP-2, which subsequently degrades the periodontal ECM. This ECM fragmentation, in turn, has deleterious effects on host cell survival and osteoblast differentiation, activities that are required for tissue restitution and homeostasis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. T. denticola ATCC 35405 and isogenic mutants P0760 and MHE (Table 1) were grown in new oral spirochete (NOS) broth medium under anaerobic conditions, as previously described (16) . The culture medium was supplemented with erythromycin (40 g ml Ϫ1 ) as appropriate. Strain P0760 carries an erm gene cassette (encoding erythromycin resistance) at the 5Ј end of prcB, resulting in the loss of expression of the entire PrtP protease complex, as well as reduced expression of Msp, the major outer sheath protein (1, 14) . Strain MHE, with an erm gene cassette inserted in the gene encoding Msp (13), produces no Msp but has native protease levels. The purity of the T. denticola cultures was monitored by dark-field microscopy prior to each experiment.
Primary culture of PDL cells. PDL cells were obtained from extracted third molars or premolars of healthy patients. Cells were cultured as described previously (22) in alpha modification minimal essential medium (␣MEM) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin and used from passages 2 to 6. For use in experiments, culture medium was replaced with serum-and antibiotic-free ␣MEM. The use of human PDL cells for these studies was approved by the University of Michigan Health Sciences Institutional Review Board.
Treatment of PDL cells with T. denticola. Four-day-old cultures of T. denticola parent and mutant strains were harvested by centrifugation at 10,000 ϫ g (10 min, 4°C), washed twice in phosphate-buffered saline (PBS), and then suspended in serum-and antibiotic-free MEM to an optical density of 0.1 at 600 nm (2.4 ϫ 10 8 cells ml
Ϫ1
). PDL cells were treated with T. denticola for 2 h at a multiplicity of infection (MOI) of 500 in serum-and antibiotic-free minimal essential medium. The bacteria were removed by washing 3 times with PBS, and fresh culture medium was added. Following incubation for an additional 7, 24, or 48 h, the conditioned medium was collected and stored at Ϫ80°C for further analysis by gelatin zymography and Western blotting.
For MMP-2 inhibition assays, PDL cells were challenged with T. denticola for 2 h and then washed and supplied with fresh medium as described above. The MMP-2-specific inhibitor ARP101 (0 to 40 M in dimethyl sulfoxide; Sigma Chemical Co., St. Louis, MO) was added to the fresh medium following challenge. Conditioned medium was collected for assays after 24 h of incubation.
Purification of T. denticola protease. Triton X-114 extraction and phase partitioning of treponemal outer membrane proteins were performed as described for Treponema pallidum (7), with slight modifications. T. denticola strain MHE (13) was harvested from 4-liter batch cultures by centrifugation at 4,000 ϫ g (10 min at 4°C) and washed twice in PBS (pH 7.4), The cell pellet was suspended in 1/40 volume PBS containing 5 mM MgCl 2 and 1% Triton X-114 and stirred gently overnight at 4°C. Detergent-extracted cells were centrifuged at 20,000 ϫ g (10 min at 4°C). The supernatant, enriched for outer membrane components, was held at 37°C for 10 min and then partitioned into aqueous and detergent phases by centrifugation at 3,500 ϫ g (10 min at 37°C). The detergent phase was diluted to a concentration of 1% Triton X-114 and subjected to two additional rounds of phase separation.
The PrtP protease complex was purified from the detergent phase of the Triton X-114 extracts of T. denticola MHE by preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a model 491 Prep Cell (Bio-Rad Laboratories, Richmond, CA) as described previously (12), with slight modifications. The detergent phase of the extract was precipitated in acetone (17) , resuspended in PBS plus standard SDS-PAGE sample buffer containing reducing agent, and then layered (without preheating) on the stacking gel matrix. Samples were electrophoresed at 60 mA at 4°C. The cathode buffer was 25 mM Tris (pH 8.3), 192 mM glycine, 0.1% SDS, and the anode and elution buffers consisted of 25 mM Tris (pH 8.3), 192 mM glycine. The eluate was collected in 5.0-ml fractions at a flow rate of 1 ml per min. Fractions were analyzed using silver-stained SDS-PAGE. Fractions containing proteins of interest were concentrated 10-fold in a stirred-cell ultrafiltration unit fitted with an Amicon XM50 filter (Millipore, Inc., Beverly, MA) and then subjected to buffer exchange by washing 3 times with 10 volumes of PBS containing 0.1% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}. The final sample was then further concentrated 10-fold in an Amicon Ultracel 30 centrifugal concentration unit (Millipore). Following determination of protein concentration using a bicinchoninic acid (BCA) protein assay (Thermo Scientific, Rockford, IL), aliquots of the purified protease complex were stored at Ϫ80°C. The activity of purified protease samples was monitored periodically during storage by using the chromogenic substrate succinyl-L-alanyl-L-alanyl-L-prolyl-L-phenylalanine-p-nitroanilide (SAAPFNA) as described previously (15) .
MMP-2 activation in cell-free PDL culture supernatants. PDL cells were cultured in serum-and antibiotic-free ␣MEM for 24 h to allow release of pro-MMP-2 into the medium (22) . Conditioned medium containing pro-MMP-2 was collected, and then 2-ml samples were incubated with 2 l of purified T. denticola PrtP protease complex at various concentrations for 2 h at 37°C. Samples were concentrated approximately 10-fold in Amicon centrifugal concentrators (10,000-molecular-weight cutoff) prior to gelatin zymography and Western immunoassays. In a control experiment, the activity of the T. denticola PrtP protease was inhibited by treatment with 2 mM phenylmethylsulfonyl fluoride (PMSF) prior to incubation with cell-free PDL culture supernatant.
Transfection of PDL cultures with MMP-2 siRNA. Small interfering RNA (siRNA) specific for MMP-2 (Santa Cruz Biotechnology, Santa Cruz, CA) was used to inhibit MMP-2 expression in PDL cells, according to the manufacturer's instructions. Briefly, PDL cells were washed with siRNA transfection medium and treated for 6 h with MMP-2 siRNA or an irrelevant siRNA (control) in transfection reagent. The transfection reagent was then removed and replaced with normal growth medium, and the cells were incubated for an additional 18 h, after which they were challenged with T. denticola for 2 h at an MOI of 500, as described above.
Immunoblotting. Conditioned medium from PDL cell cultures was concentrated 10-fold as described above. Equal volumes of concentrated samples were loaded into each well, resolved by 4 to 12% SDS-PAGE, and electroblotted onto polyvinylidene difluoride membranes (Immobilon-P; Millipore, Billerica, MA) by a semidry transfer blot method (Bio-Rad). The membranes were blocked with 5% nonfat dry milk in Tris-buffered saline and Tween 20 (TBST) for 1 h at room temperature, incubated with primary antibodies, incubated with appropriate horseradish peroxidase-conjugated secondary antibodies in blocking buffer for 2 h at room temperature, washed with TBST, and developed using a West-Pico ECL kit (Pierce Chemical Co., Rockford, IL). The following specific primary antibodies were used in individual experiments: anti-MMP-2 catalytic domain polyclonal antibody (Chemicon International, MA) and antifibronectin rabbit polyclonal antibody (Santa Cruz Biotechnology, CA). Gelatin zymography. Equal volumes of concentrated PDL cell-conditioned medium were mixed with 4ϫ sample buffer (0.25 M Tris base, 0.8% SDS, 40% glycerol, and 0.05% bromophenol blue) and subjected to SDS-PAGE at 4°C on 12.5% gels containing 2 mg ml Ϫ1 gelatin. After electrophoresis, SDS was removed by washing the gels in renaturing buffer (2.5% Triton X-100, 50 mM Tris base) for 30 min with one change of washing buffer. The gels were incubated at 37°C for 20 h in developing buffer (50 mM Tris base, pH 8, 10 mM CaCl 2 , and 0.02% NaN 3 ), stained with 0.05% Coomassie blue, and destained in 10% acetic acid and 40% methanol until clear bands in a blue background were visible.
RESULTS
T. denticola induces PrtP-dependent fibronectin degradation in PDL cell culture supernatants. Over the course of 48 h in serum-and antibiotic-free medium, PDL cell culture supernatants accumulate a high-molecular-weight form of FN that undergoes limited fragmentation by 48 h (Fig. 1A) . However, challenge with T. denticola for 24 h or more results in extensive fragmentation of FN (Fig. 1B) that persists after T. denticola cells nonadherent to PDL cells have been removed. Consistent with the reported FN-degrading activity of the purified T. denticola protease (15) , no FN degradation above baseline was observed in PDL cell culture supernatants challenged with protease-deficient mutant T. denticola P0760 (Fig. 1C) . Interestingly, the FN-binding T. denticola Msp protein is not required for T. denticola-mediated FN degradation in PDL cell culture supernatants (Fig. 1C) .
T. denticola induces PrtP-dependent activation of MMP-2 in PDL cell culture supernatants. Pro-MMP-2 is constitutively expressed by PDL cells and secreted into the culture medium. Challenge with T. denticola results in the activation of MMP-2 from the 72-kDa pro-MMP-2 form to the active 64-kDa form of MMP-2 in culture supernatants after removal of nonadherent T. denticola (Fig. 2) . Challenge with protease-deficient T. denticola P0760 did not induce activation of MMP-2, whereas Msp-deficient T. denticola MHE induced MMP-2 activation at equal or higher levels than wild-type T. denticola 35405. The T. denticola protease complex is visible as a gelatinolytic band at approximately 100 kDa present in supernatants from cultures challenged with T. denticola 35405 and MHE. This band is absent in supernatants from unchallenged PDL cell cultures and in supernatants from PDL cells challenged with proteasedeficient T. denticola P0760.
The T. denticola protease induces both MMP-2 activation and FN fragmentation. To confirm the role of the PrtP protease complex in inducing MMP-2-dependent FN degradation, PDL cell culture supernatants were collected and incubated with a range of concentrations of purified T. denticola protease complex. The purity of the T. denticola PrtP protease complex was confirmed (Fig. 3A) by silver-stained SDS-PAGE of unheated (active protease complex, approximately 100 kDa) and heated (denatured PrtP, PrcA1, and PrcA2 at approximately 70, 40, and 30 kDA, respectively) samples. The purified protease complex also contains detectable levels of PrcB, a 22-kDa protease complex-associated protein (J. C. Fenno, unpublished data). PDL cell culture supernatants contain 72-kDa pro-MMP-2, which is constitutively expressed in PDL cells. As shown in Fig. 3B , both the gelatinase activity of the T. denticola protease and the activation of MMP-2 to the 64-kDa form were detectable at protease concentrations of 5 ng ml Ϫ1 . FN fragmentation was detected (Fig. 3C) at a slightly higher concentration of the T. denticola protease complex (10 ng ml Ϫ1 ). To confirm the dependence of FN fragmentation on the activity of T. denticola protease, PDL cell culture supernatants were incubated with purified PrtP protease complex (final concentration, 100 ng ml Ϫ1 ) or with PrtP protease complex that had Fibronectin fragmentation in T. denticola-challenged PDL cell cultures is due to MMP-2 activity. To further determine whether the observed FN fragmentation was directly due to T. denticola's proteolytic activity, PDL cultures that had been challenged with T. denticola 35405 for 2 h were incubated in fresh medium containing ARP101, a specific inhibitor of MMP-2 activity. As shown in Fig. 4A , the residual gelatinolytic activity of T. denticola PrtP in culture supernatants was not inhibited by ARP101, while MMP-2 gelatinase activity decreased with increased ARP101. MMP-2 cleavage is not blocked by ARP101, but dose-dependent binding of ARP101 to the MMP-2 catalytic domain is indicated by decreasing detection of MMP-2 by catalytic domain-specific anti-MMP-2 antibody (Fig. 4B) . Furthermore, as shown in Fig. 4C , treatment of PDL cell cultures with ARP101 resulted in dosedependent decreases in FN fragmentation in T. denticola-challenged PDL culture supernatants, indicating that T. denticola perpetuates the fragmentation of PDL cell-derived FN by activation of secreted MMP-2.
MMP-2 siRNA blocks FN fragmentation in T. denticolachallenged PDL cells. To further explore the mechanism of T. denticola-dependent FN degradation, PDL cells were transfected with MMP-2-specific siRNA. As shown in Fig. 5A , MMP-2 pro and active forms were reduced in PDL cell cultures transfected with MMP-2 siRNA, as examined by zymography and immunoblotting. Challenge with T. denticola induced MMP-2 activation in PDL cultures transfected with scrambled-sequence siRNA, but MMP-2 activation was not detected in MMP-2 siRNA-transfected cultures with or without T. denticola challenge. T. denticola's gelatinolytic activity in 
DISCUSSION
Defining the specific roles of the microbes identified as periodontal pathogens in the induction of cellular and tissue responses seen in periodontal disease continues to be an elusive goal. While it is highly unlikely that a single organism "causes" the disease, it is well established that periodontal disease is initiated by a characteristic microbial population shift in which a particular group of proteolytic Gram-negative anaerobes become a significant (and often predominant) segment of the total subgingival flora. These microbes, including T. denticola and other members of the "red complex," exhibit a range of proteolytic and immunostimulatory behaviors that is consistent with identification as pathogens.
Proteolytic enzymes of periodontopathogens have been identified as likely virulence determinants in periodontal diseases. Previous in vitro studies of the T. denticola outer membrane acylated PrtP protease complex demonstrated its ability to degrade numerous host cell and tissue proteins. Cell challenge studies support a major role for the T. denticola protease in binding to and penetration of tissue (reviewed in reference 10). However, there is limited evidence to date of a direct role of bacterial proteases in periodontal tissue destruction and bone loss. In the present study, we focused on the role of the T. denticola protease in inducing certain key cell and tissue responses that are characteristic of periodontal diseases.
A specific pattern of FN fragments in gingival crevicular fluid is an indicator of periodontal disease status (18) , and at least one of these fragments (of 120 kDa, containing the central cell-binding domain of FN) induces the expression of PDL cell collagenase, stromelysin, and urokinase plasminogen activator. Furthermore, other specific FN fragments induce apoptosis and suppress osteoblast differentiation of PDL cells (7, 17) . Our experiments, designed to mimic in vivo interactions between cells of the PDL and oral spirochetes, demonstrated that T. denticola induces FN fragmentation in the supernatant of PDL cultures. While Ellen et al. (11) showed degradation of cell-associated FN in gingival fibroblasts, the present study is, to our knowledge, the first to examine FN released from cultured PDL cells following T. denticola challenge. Following the removal of nonadherent spirochetes and two washes in PBS, we assayed FN fragmentation in supernatants of PDL cultures grown in fresh medium for various periods. T. denticola protease activity was still detectable in the supernatants, most likely due to protease expressed and secreted by remaining cell-adherent spirochetes.
MMP-2, one of several MMPs involved in tissue homeostasis and remodeling, is constitutively expressed in PDL cells as pro-MMP-2. Thus, control of the process or rate of activation of MMP-2 can be viewed as a key regulatory step. Because FN fragments are reported to induce activation of MMPs in PDL cultures, our initial experiments examining the activation of the constitutively expressed MMP-2 in T. denticola-challenged PDL cultures were undertaken with the hypothesis that T. denticola-dependent FN fragmentation might result in the activation of MMPs. We readily demonstrated that MMP-2 in PDL supernatants was activated in a PrtP protease-dependent manner, as shown by the absence of FN fragmentation following challenge with an isogenic protease mutant and following challenge with PMSF-treated purified PrtP protease complex. The activity of T. denticola PrtP is highly sensitive to the serine protease inhibitor PMSF (42), while MMP-2 activity is not affected by PMSF (39) . Experiments using both PMSF and a specific inhibitor of MMP-2 activity showed that active T. denticola protease was not sufficient to induce FN fragmentation when MMP-2 activity was inhibited. T. denticola protease's activity was not inhibited by MMP-2 inhibitor ARP101 (Fig.  4A) , which blocks MMP-2 activation by binding the zinc-dependent catalytic site of MMP-2 (41). These results indicate that FN fragmentation in PDL culture supernatants was not due to direct effects of T. denticola protease but was dependent on MMP-2 activity and that activation of pro-MMP-2 was dependent on T. denticola protease activity. The dependence of FN fragmentation on MMP-2 activation was further confirmed by siRNA knockdown of MMP-2 expression in PDL cultures in the presence of T. denticola protease activity. These unexpected results suggest a general mechanism by which T. denticola (or other MMP-2-activating periodontal pathogens, such as T. lecithinolyticum, P. gingivalis, or A. actinomycetemcomitans) may disrupt the regulation of MMP-2 activation, leading to the generation of FN fragments that contribute to disregulation of periodontal tissue turnover processes, including osteoblast function and other homeostatic mechanisms.
Further studies are required to determine the mechanism by which T. denticola PrtP protease induces the activation of pro-MMP-2. One possibility is that T. denticola protease degrades one or more of the tissue inhibitors of metalloproteinases (TIMPs), resulting in increased MMP-2 activation. However, preliminary experiments showed no decrease in TIMP-1 or TIMP-2 levels in PDL supernatants challenged with T. denticola (data not shown). This is consistent with the observations of Sorsa et al., who reported that while purified T. denticola protease could activate purified pro-MMP-1 in vitro, it could not reduce the capacity of TIMP-1 to inhibit collagenase activity (37) . However, this mechanism of MMP-2 activation cannot yet be ruled out. In addition, we are particularly interested in characterizing the activities of specific FN fragments resulting from T. denticola protease challenge of PDL cells and comparing them with those of the FN fragments found in gingival crevicular fluid from periodontal lesions.
